We report a polarization-multiplexed 10 Gsymbol/s, 64 QAM (120 Gbit/s) coherent transmission over 150 km by using an optical phase-locked loop (OPLL) circuit employing narrow linewidth LDs. The OPLL realized low phase noise demodulation of 64 QAM signal. As a result, 120 Gbit/s data signal were transmitted with a bit error rate (BER) performance below a forward error correction (FEC) threshold of 2 × 10 −3 .
Introduction
In recent years, spectrally efficient coherent optical transmission with a multilevel modulation format has been intensively investigated to keep pace with the rapid growth in data traffic in current optical fiber networks [1] . Of the many available modulation formats, quadrature amplitude modulation (QAM), in which the amplitude and phase of an optical carrier are simultaneously modulated, has received considerable attention because of its high spectral efficiency compared with other modulation formats.
In such transmission systems, the precision carrier-phase synchronization of a transmitter and a local oscillator (LO) is very important especially for a high multiplicity modulation. To date, two approaches have been studied for carrier-phase synchronization. One is a carrier-phase estimation method based on digital signal processing (DSP) [2] . With this scheme, 16∼64 QAM coherent transmissions have been demonstrated [3, 4, 5, 6] . The feature of the scheme is that no LO feedback control is necessary. However, the calcu-lation algorithm is complicated for a high multiplicity transmission, resulting in increased calculation time. Therefore, it is not easy to apply the scheme to a real-time coherent transmission. The other approach is an OPLL method. This scheme operates in real time. Therefore, it is very useful for a real-time high multiplicity coherent transmission. By using a residual carrier as a pilot tone, a 20 Gbit/s QPSK signal has been demodulated with an OPLL [7] . To apply an OPLL to higher-order QAM, we have developed a highly precision OPLL circuit for coherent transmission with a frequency-stabilized erbium fiber laser (EFL) with a linewidth of 4 kHz as a transmitter and a frequency tunable EFL with an FM response bandwidth of over 1 GHz as an LO. With the circuit, 128∼512 QAM coherent transmissions were successfully realized, in which the phase noise of the demodulated signal was as low as 0.3 degrees [8, 9, 10] . We have also demonstrated a real-time 64 QAM coherent transmission with the OPLL [11] . However, EFL exhibits a small amount of power fluctuation due to the relaxation oscillation, which may be nonnegligible for high multiplicity transmission. To overcome this problem, we have recently developed a new OPLL circuit by using external cavity laser diodes (ECLDs), which features a narrow linewidth as well as low relative intensity noise (RIN) [12] .
In this paper, we demonstrate for the first time a polarization-multiplexed, 10 Gsymbol/s, 64 QAM coherent transmission over 150 km by using an OPLLbased homodyne detection circuit employing ECLDs with a low intensity noise and a narrow linewidth.
2 Polarization-multiplexed, 10 Gsymbol/s, 64 QAM coherent transmission system Figure 1 shows the experimental setup for a polarization-multiplexed (Pol-Mux), 10 Gsymbol/s, 64 QAM coherent transmission. The coherent transmitter is a 1538.8 nm C 2 H 2 frequency-stabilized ECLD with a linewidth (FWHM) of 4 kHz and a RIN of less than −135 dB/Hz [13] . Its output signal is split into two paths and used as data and pilot tone signals, which are required for carrier synchronization between the data and the LO under OPLL operation. A QAM data signal is generated at an IQ modulator, which is driven with a 10 Gsymbol/s, 64 QAM signal generated by two arbitrary waveform generators (AWGs). Pol-Mux is performed with a polarization beam combiner (PBC). The pilot tone signal was generated with an optical frequency shifter (OFS), which provides a frequency downshift of 10 GHz against the data signal. The polarization of the pilot signal is the same as one of the polarization axes of the two QAM signals. The data and pilot tone are combined and transmitted over a 150 km-long dispersion-managed fiber link with a launch power of −3 dBm (QAM data: −6 dBm/pol. and pilot tone: −13 dBm). It is the optimum value for minimizing the SNR reduction and self phase modulation (SPM) induced penalties. The fiber link is composed of two 75 km spans of super large area (SLA) fiber, inverse dispersion fiber (IDF), and an EDFA. At the receiver, the QAM signal is polarization-demultiplexed with a polarizer, and then filtered with a 2 nm optical bandpass filter in a preamplified receiver, followed by homodyne detection with a 90-degree optical hybrid. As an LO, we used a frequency tunable ECLD with a linewidth (FWHM) of 4 kHz whose configuration was the same as that of the transmitter. Here, we adopted an OPLL circuit for precision carrier-phase synchronization. This circuit consists of an LO, a PD, a DBM, a synthesizer and a loop filter. In the circuit, the phase of the beat signal between the pilot tone and the LO was phase locked to the reference signal generated from a synthesizer at 10 GHz. Figure 2 (a) shows the FM response characteristic of the LO. The 3 dB bandwidth was approximately 700 kHz. Figure 2 (b) shows the beat signal between the pilot tone and the LO measured with an electrical spectrum analyzer with a 2 MHz span, and Fig. 2 (c) shows its single-sideband (SSB) phase noise spectrum under OPLL operation. The linewidth of the spectrum was less than 10 Hz, which was below the measurement resolution. The phase noise of the signal calculated by integrating the SSB noise power spectrum was 5.0 degrees (10 Hz∼1 MHz), which is 17 times larger than the experimental result obtained with EFL [8, 9, 10, 11] . This may be attributed to broadening in the tail of the spectrum of the ECLDs and to a narrow FM response bandwidth of the LO. After detection with balanced photo detectors (B-PD), the data signals were A/D-converted and accumulated in a high-speed digital scope (40 Gsample/s, 12 GHz bandwidth) and demodulated with software in an offline condition. We calculated the bit error rate (BER) from 123 kbit demodulated signals. 
Transmission results
The BER characteristics of a 120 Gbit/s, 64 QAM transmission are shown in Fig. 3 (a) by the black curves. The experimental results obtained with the EFLs are also plotted with grey curves for comparison [8] . The transmission penalty at the BER of the forward error correction (FEC) threshold (2 × 10 −3 ) was approximately 3 dB for both sets of polarization data, but BERs under the FEC threshold were successfully obtained. The transmission penalty was mainly caused by cross phase modulation (XPM) between the two polarizations. The BER degradation compared with EFLs resulted from the larger phase noise of the OPLL. Figure 3 (b) and (c) show the optical QAM spectra before and after 150 km transmission. After transmission, the OSNR was degraded by 12 dB. Figure 3 (d) and (e) show the constellation maps for the 64 QAM data for back-to-back and 150 km transmissions at OSNRs of 40 dB and 28 dB, respectively. In Fig. 3 (d) , a phase rotation of ±6.3 degrees is clearly observed, which resulted from the phase noise of the OPLL as shown in Fig. 2 (c) . After transmission, the constellation points were broadened due to the OSNR degradation. transmitted over 150 km by using an OPLL circuit employing narrow linewidth ECLDs. By using the OPLL with a phase noise of 5 degrees, we could demodulate a 120 Gbit/s data signal with the BER below the FEC threshold of 2 × 10 −3 .
